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The research described herein was conducted at the Battelle Memorial In-

stitute Columbus Laboratories under NASA Contract NAS3-_255. Mr. R. L. Brown,

Nuclear Systems Division, Lewis Research Center, was the Technical Manager.
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DEVELOPMENT OF URANIUM DIOXIDE - TUNGSTEN CERMET FUEL

SPECIMENS FOR THERMIONIC APPLICATIONS

by P. J. Gripshover and J. H. Peterson

Battelle Memorial Institute

Columbus, Ohio

INTRODUCTION

The Lewis Research Center of the National Aeronautics and Space

Administration initiated a project at Battelle Memorial Institute for the

purpose of fabricating clad fuel pellet containment vessel assemblies.

These assemblies house clad fuel pellets containing enriched fuel.

Irradiation studies of these assemblies in the NASA Plum Brook Reactor

will provide data required for the design of thermionic converter reactors

being considered by NASA.

Three major objectives were defined at the initiation of this

project at Battelle. These were (1) to provide containment vessel assem-

blies for irradiation studies, (2) to identify the best fuel dispersion/

cladding combination for the fueled pellets, and (3) to identify and

optimize the most promising fabrication technique to the extent necessary

to provide reproducible specimens. In addition to these major objectives,

other goals were defined in relation to supporting studies required for the

successful conclusion of this program.
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The approach for accomplishing these objectives involved the

cooperation of various research and research support groups at Battelle.

These groups contributed to the overall progr_n by involvement in the

following areas:

(I) Preparation or procurement of various types of UO 2

fuel particles

(2) Application of tungsten coating to the fuel

particles

(3) Development of various powder-consolidation techniques

for the fuel form including use of explosive methods

and hot isostatic pressing

(4) Selection and evaluation of high-temperature

claddings for the fuel form

(5) Development of techniques for cladding application

to the fuel form

(6) Evaluation of candidate systems by thermal cycling

(7) Fabrication of irradiation containment vessels and

the associated components

(8) Conduction of appropriate supporting studies

associated with welding and brazing of the

containment vessel components.

The objectives of this program were accomplished to the extent

that two clad fuel pellet containment vessel assemblies were completed and

forwarded to NASA for irradiation testing. In conjunction with this effort,

a compatible fuel-cladding system was developed for the clad fuel pellet as

well as a fabrication process. In addition to the accnmplishment of these

major goals_ other valusble information relating to the fabrication and

assembly of the containment vessel components was developed.



This final report on NASAContract No. NAS3-4255covers all work

performedfrom the initiation of the programon July i, 1963, to the con-

clusion on April 8, 1967.

MATERIALS AND EQUIPMENT

The materials used in the fabrication of the containment vessel

assembly are indicated in Figure i. This figure shows the configuration

and dimensions of the capsule as indicated on NASA Drawing No. CF351044.

A detailed description of these materials is given below.

The following materials were used in the fabrication of the

assembly.

(i) The tungsten cladding material is arc-cast tungsten.

This material has a minimma purity of 99.97 percent.

(2) The materials used in the fabrication of the containment

vessel 3 thermocouple wells, support spring, and fill

this specification is the thermoco_ple wells on

Containment Vessel 304-011. The thermocouple wells

on this vessel are unalloyed tantalum.

(3) The extension tubes brazed to the thermocouple wells

are fabricated from Type 304-L stainless steel.

(4) The braze material used in the joining of the thermo-

couple wells to the containment vessel and to the clad

fuel pellet is unalloyed col_mbium.

(5) The braze material used in the joining of the stainless

steel extension tubes to the thermocouple wells is high-

purity copper.
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(6) The uranium dioxide particles and the tungsten

material used in the fabrication of the fuel

form are discussed in another section o_ this

report.

In addition to the above materials, gas-pressure-bonding containers

for the fuel pellet were also utilized. Arc-cast molybdenum was selected for

the bonding container because of its weldability and ease of removal from the

pellet by selective leaching in dilute nitric acid. Tantalum was used to

double-can the bonding container (i.e., to encase the molybdenum container

to provide increased reliability during bonding).

Equipment used during this program consisted of specialized gas-

pressure-bonding equipment capable of temperatures to 3200 F and pressure in

excess of 30_000 psi. Also utilized were machine-shop facilities, high-

temperature vacuum and hydrogen furnaces, helium leak detectors, the metallo-

graphic laboratory, and spectrographic and chemical analysis facilities. Radio-

graphic and dye-penetrant test equipment were used for nondestructive testing.

EXPERIMENTAL WORK

In the initial stages of the program, work was directed toward

development of preparation and bonding procedures for the cladding material

and the development of an optimum fuel dispersion for the fuel form. After

these procedures were developed, clad fuel pellets were prepared for thermal

cycling and subsequent evaluation. Concurrent with the above work supporting

studies on the welding, brazing, and fabrication of the containment vessel

assemblies were being conducted. After a fabrication procedure for the com-

plete assembly had been selected, three containment vessel assemblies were

evaluated by thermal cycling prior to preparation of the final assemblies

containing enriched UO 2 for delivery to NASA.
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Development of Cladding Techniques

The purpose of the cladding material for the fuel pellet is three-

fold. Firstj it must provide containment for the fission products; second,

the cladding material should provide strength to the structure so that growth

during repeated cycling is minimized; and lastly, the cladding must function

as an emmiter in the final application. In this study the primary goals were

to develop claddings aimed at the first two requirements.

Selection of Candidate Materials

The primary material of interest for this application is tungsten.

Tungsten cladding would have the required high-temperature properties, good

strength and low-vapor pressure and would be compatible with the tungsten-

UO 2 fuel system being considered for the fuel form. During the course of

the study, other tungsten base materials were also considered. These were

tungsten -25 percent rhenium and I percent thoriated tungsten. The tungsten-

rhenium alloy was selected to provide improved ductility in the cladding

material and the thoriated tungsten was evaluated because of its higher

elevated temperature strength.

These materials were evaluated primarily by thermal-cycle tests in

the form of a clad fuel pellet. The final analysis indicated that the pure

tungsten clad was equal to or better than either of the other candidate

materials.

Preliminary Bonding Study

To evaluate the effect of surface preparation, a bonding study was

conducted with O.020-in.-thick tungsten sheet. In this study, four different

r
surface preparations were evaluated after three different chemical preparations.

_,f_.L T -F_- ....



The four surface preparations evaluated were:

i. Rough grinding (60 rms)

2. Smooth grinding (5-10 rms)

3. As-rolled

4. Metallographic polish.

Each of these preparations was then given the following chemical preparations:

1. Cleaning (MEK and absolute alcohol)

2. Pickling (HNO3-HF) followed by cleaning

3. Electropolishing.

Three specimens were then prepared. Each specimen contained all four surface

preparations which had been given the same chemical preparation.

After gas-pressure bonding these components in molybdenum containers

at 2850-2900 F and 10,O00 psi for 3 hr3 the various preparations were evaluated

metallographically. The following general conclusions were drawn from this

study:

1. The surfaces receiving the cleaning treatment

consisting of washing in MEK and absolute alcohol

are of equal quality to those pickled or electro-

polished.

e. Tungsten sheet which received no surface preparation

exhibited fair to good bonds.

3. Grinding of the surface had a deleterious

effect on bonding with bond quality decreasing

as the surface roughness increased.

4. Metallographic polishing appears the most

promising preparation approach.
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A photomicrograph of polished surfaces after bonding is shown in Figure 2.

The bond line can be determined but only by a few scattered voids. Good

grain growth across the interface is evident.

It would, therefore, be desirable to provide the best possible

surface finish on the mating surfaces to provide bonds of high quality

between the cladding components and the cladding and the fuel fona.

Fabrication Techniques for Preparation of Cladding Components

The basic fabrication technique for the cladding components changed

very little through the course of the program. However, numerous minor changes

and additions were incorporated as the data obtained from gas-pressure bonding

and thermal cycling experiments became available. Basically, the approach

included the preparation of tungsten tube from solid bar stock and the end

plugs for the tube from either sheet or bar stock.

Initially, the cladding components were machinedto the dimensions

shown in Figure 3- This shows a clad fuel pellet prior to bonding. The

desired pellet size after bonding is shown also in this figure and would be

achieved by grinding the OD and any excess from the ends of the tube. It

was anticipated initially that no machining of the fuel form would be required.

The hole through the center of the tube was accomplished by electrical dis-

charge machining. The end plugs were ground to 0.465 diameter from 0.125-in.

and 0.020-in. tungsten sheet material. All tungsten was vacuum arc cast

rather than powder metallurgy stock and met the 99.97 percent purity specifi-

cations.

As work progressed on the program and failure mechanisms for the

cracking of the cladding material were investigated, it became apparent that the

electrical discharged machined surface contained microcracks. This is shown

in Figure 4. Although these small cracks may heal during gas-pressure bonding,

•CC.7,:I-7_T_.TI, I_ _,_-_._
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FIGURE 2. TUNGSTEN JOINED BY GAS-PRESSURE BONDING 

These polished surfaces  w e r e  bonded a t  2900 F 
and 10,000 p s i  f o r  three hours.  
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500X Murakami ' s 9909 

FIGURE 4 .  CRACKS I N  TUNGSTEN CLAD RESULTING FROM 
ELECTRICAL DISCHARGE MACHINING 
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these could well be sites where cracking during thermal cycling could

initiate. To remove these cracks and also provide a smoother surface for

bonding, the tubes were EDM'd undersize and then honed to final size. A

minimum of 0.005 in. was removed from the surface to eliminate these cracks.

A 2500 F stress relief was also found to be beneficial prior to honing to

minimize the tendancy of crack propagation. It was also found desirable to

reduce the clearance between the clad and the pellet to minimize the defor-

mation required to achieve intimate contact between all components. Another

improvement that evolved from this work was to make the end plugs thicker

than required and the tube longer than required so that the ends of the pellet

could be ground to remove any evidence of the bond interface. A drawing show-

ing the cladding dimensions is shown in Figure 5. The final dimensions of the

pellet are also shown.

Other improvements incorporated during the program included an

increase in the temperature and gas pressure during pressure bonding and

hydrogen treating of the components prior to bonding. These hydrogen treat-

ments are discussed in a later section of this report. Initial bonding of

these components was conducted at 2850-2900 F and a gas pressure of i0,0OO

psi. These conditions were found to be marginal and were changed to 3100-

3200 F and at least 15,000 psi for a minimum of 1-1/2 hr. This resulted in

reliable bonding of the clad components and of the clad to the fueled core.

To allow full relaxation of the tungsten during the bonding cycle, the pres-

sure in the autoclave is released while at the bonding temperature at the rate

of iO0 psi per min until approximately 300 psi is reached. Then, the auto-

clave furnace is turned off. A relaxation experiment with tungsten rod was

used to determine that this rate of pressure release was not too rapid. A

tungsten specimen was placed under lO00-psi tensile stress at a temperature of

2500 F. Complete relaxation from thi_ stress required a maximum of 5 min.
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Inspection of the tungsten tube during processing was accomplished

primarily by dye penetrant inspection. The use of other techniques such as

inspection through stereo binoculars at 30X magnification was also used.

The use of extruded tungsten tubing was evaluated early in this

program but was not available in sufficient quantity to be considered attrac-

tive. Tubing of this type if it should become available at a reasonable cost

should be considered. A photomicrograph of this tube after five thermal cycles

to 1800 C is shown in Figure 6. Note the fine grain size after thermal cycling.

Preliminary Cladding Study

Early in the program three fuel forms were clad with tungsten

although the conditions were not optimum. The fuel forms were undersize_ about

0.430-in. diameter rather than O._60-in. diameter, and excessive clearances

resulted between the fuel form and the clad which was O._70-in. ID. The dia-

meters of the end plugs matched the diameter of the fuel form. These pellets

were bonded at 2850-2900 F and i0,000 psi for 3 hr. Molybdenum end plugs

extruded into the gap formed between the undersize end plugs and the tungsten

tube and caused some dumbelling of the specimen as shown in Figure 7. This

extrusion of the molybdenum also prevented good bonding of the tube to the

tungsten end plugs. A transverse section was taken through the center of the

specimen to inspect the bonding of the tungsten clad to the fuel form. A

photomicrograph of a typical area is shown in Figure 8. Good bonding of the

tungsten clad to the fuel form can be noted. The onlj preparation to the

components in this case was a hydrogen heat treatment at 1500 F prior to

assembly. The tungsten tube was in the as-EDM'd condition.

- 'C "2_L'_'-I_ E,7._. _=
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FIGURE 6. EXTRUDED TUNGSTEN TUBE 

T h i s  tube has  been subjected t o  
five thermal c y c l e s  t o  1800 C .  
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FIGURE 7. 

4958 

CLAD FUEL PELLET 

The use of an undersize fuel 
form resulted in dumbelling 
of the specimen. 
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250X A s  Pol i shed  5613 

FIGURE 8. PHOTOMICROGRAPH SHOWING BONDING OF 
TUNGSTEN CLAD TO FUEL FORM 

*- I 
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The results of this indicated that bonding of the clad to the fuel

form could be readily obtained. Another encouraging factor was even though

the tungsten tube had undergone considerable deformation no cracking was

detected by dye-penetrant inspection.

Development of 0ptimumFuel Dispersion

One of the primary research areas on this program was the develop-

ment of the tungsten-UO 2 fuel form which was subsequently clad and contained

within the vessel assembly. This fuel form was a dispersion of spherical

UO 2 within a tungsten matrix. The fuel loading was 50 volume percent. Of

primary interest in this area was the consolidation of the fuel form to

obtain a high-density high-strength structure without causing excessive

deformation of the spherical UO 2 in the processing procedure.

Fuel Requirements and Preparation

The UO 2 fuel for the pellets was to be spherical in shape and have

a diameter of 60 to iO0 microns. The stoichiometry of the UO 2 could not vary

more than 1 part per hundred of oxygen from true stoichiometry. The total

impurity was not to exceed 2 parts per hundred and the halide content not to

exceed 30 ppm. The density of the UO 2 initially was to exceed 97 percent of

theoretical. This was later lowered to fall within the range of 92-95 percent.

Selection of Candidate Materials and Techniques

The material for the fabrication of the fuel form was UO 2 vapor

coated with tungsten to obtain a fuel loading of 50 volume percent. If the

ratio of fuel to tungsten did not meet these specifications_ fine tungsten

powder would be added to achieve the desired loading. Consolidation of the

fuel form was to be accomplished by hot isostatic pressing to a minimum



density of 92 percent of theoretical. Initially, the fuel form was to be

consolidated to final size (0.460-in. diameter by l.O0-in, long) but later

in the program the fuel form was made oversize and machined to achieve the

desired dimensions shown in Figure 5. In order to maintain sphericity of

the UO2, processing of the fuel form was modified to include coating of

tungsten powder onto a thin vapor-coated U02 particle. This technique

achieved the desired fuel loading and aided in maintaining the spherical

shape of the UO 2 particles.

Preparation and Procurement of UO 2 Powders

Efforts were made at Battelle to produce high-density natural UO 2

particles to meet the specifications of the initial contract because long

lead times were required for com_nercial material. These brief attempts to

produce those particles were unsuccessful. Particles meeting the density

requirements were oversize, and a change in process parameters to produce

particles of the desired size resulted in a marked decrease in density. The

program could not warrant additional effort in this area after the commercial

material was received. The characteristics of the UO 2 used in the initial

experimental work is shown in Table i. The UO 2 used in subsequent experiments

is characterized in Table 2. This latter UO 2 was used for all work which

involved thermal cycling of clad pellets. The enriched UO 2 characteristics

are outlined in Table 3. This enriched material was originally coated to

obtain a 50 v/o loading. Subsequent research studies showed that it was

advantageous to coat the fuel to obtain a 63.8 v/o (50 w/o) fuel loading and

add tungsten as fines to achieve the required 50 v/o loading. This material

was decoated and then coated again to the revised specification.
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TABLE i. URANIUM DIOXIDE FUEL CHARACTERISTICS--INITIAL STUDIES

TYPE - Depleted

DENSITY - 10.6 g/cc - 96.6 percent

PARTICLE SIZE - 53-74 microns diameter

O/U RATIO - 2.01

ANALYSI S

CI + F - < 20 ppm

Sum of all other impurities < lO0 ppm
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TABLE 2. URANIUM DIOXIDE FUEL CHARACTERISTICS--THERMAL CYCLE STUDIES

TYPE - Depleted

DENSITY - 10.4 g/cc - 94.8 percent

PARTICLE SIZE - 63-74 microns

0/U RATIO - 2.01

ANALYSIS - ppm

Ag < O.01 F < lO

A1 5 Fe 5

v j _ _Q .

Ca 8 Mn < 2

Cd 0.3 Ni i

C1 8 Pb < 1

Cr 1 Si < 20

Cu 3 Sn < I

B
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TABLE 3. URANIUM DIOXIDE FUEL CHARACTERISTICS--ENRICHED PELLETS

TYPE - Enriched (92.0 percent enrichment)

DENSITY - i0.3 g/cc - 94.0 percent

PARTICLE SIZE - 74-105 microns

o/uRA IO- 2.004

ANALYSIS- ppm

Ag O. Ol Mg 2

AI < 5 Mn < 2

B O. 2 Mo 20

Ca 7 Ni < i

Cr i Si 7

Cu 2 Sn < i

Fe < 5 F* < i

* The fluorine analysis was taken following the removal of

the initial coating.
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Fuel Form Consolidation Experiments

The initial objectives in the fabrication of the fuel form were to

produce a right-cylindrical shape, 0.46 in. in diameter by 1.00 in. long, with

a 50 v/o fuel loading. The UO 2 spheres were vapor coated by the reduction

of tungsten hexafluoride with hydrogen. It was desired to eliminate machining

of the densified fuel form by consolidating to final size by the hot isostatic-

pressing process. A density in excess of 92 percent of theoretical was desired.

In the final experimental work in this area, eight specimens were

prepared. The coated particles had a 47 v/o tungsten loading so fine tungsten

powder was added to produce the desired loading of 50 v/o tungsten. This

material was loaded into molybdenum containers of various designs to evaluate

deformation characteristics. These specimens were consolidated at 2900 F and

lO,O00 psi gas pressure for 3 hr. Five of the specimens leaked. The remain-

ing specimens were evaluated for dimensions prior to the preparation of four

additional specimens. These four specimens were bonded from coated particles

having the exact fuel loading so the addition of fines was not required. The

three good specimens from the first hot isostatic-pressing run and the results

of the second run indicated two problem areas. These were (i) nonuniformity

of dimensions resulted in a fuel form which could not be used directly and

(2) loss in sphericity of the UO 2 during consolidation. The loss of spheri-

city of the UO 2 is shown in Figure 9-

It was believed that the desired dimensions in the fuel form could

be achieved; however, the change in shape of the UO 2 during consolidation was

unacceptable. The processing was modified to use of a thin tungsten coating

(5-6 microns) on the UO 2 and blending of tungsten fines to achieve the desired

fuel loading. The fines would be displaced to void areas on pressing and

maintain the desired UO 2 shape.

....... :-::;TL_L



2 50X Murakami ' s 4376 

a. UO after coating - 50 v/o tungsten. 2 

250X Murakami ' s 4823 

b. After Hot-Isostatic Pressing 

FIGURE 9. VAPOR COATED U02 BEFORE AND AFTER HOT-ISOSTATIC PRESSING 

Note the l o s s  in sphericity of the U02 after consolidation. 
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Several experiments were conducted to determine the optimum

blending techniques. Parawax additions of 0.1-2.0 percent were used to

bind the fine tungsten powder to the coated particles. The particles were

cold die pressed 3 heat treated at 1500 F to remove the Parawax binder, and

gas-pressure bonded for evaluation. The bonding conditions were 2850 F

and i0,000 psi for 3 hr. The Parawax addition of 0.2 percent appeared to

be optimum for this application. This was sufficient binder to cause the

tungsten fines to adhere to coated particles but did not cause break-up of

the cold pressed shape during outgassing as did the 2.0 percent Parawax

addition. A photomicrograph of the fuel forms fabricated by the optimum

procedure are shown in Figure i0. It should be noted that the spherical

nature of the UO 2 is much improved over the earlier specimens that had the

full amount of tungsten applied by vapor deposition.

Two problem areas were encountered in this fuel-form fabrication

technique. These were the agglomerates of fine powder and the tendency

for high carbon in the pellet. In both areas care in preparation of mater-

ials and processing resulted in acceptable microstructures and carbon levels

(<40 ppm). This process was not only used for the application of pure tungsten

powder to the coated particles but also was used to blend 1 w/o thoriated

tungsten powder with the coated particles.

Sintering at 3100 F and 4000 F for 3 hr was also evaluated as a

consolidation technique. No increase in density over the cold pressed

density of 72 percent was noted at either sintering temperature. This

approach was discontinued since the process involving a combination of

powder blending and hot isostatic pressing produced satisfactory results.

_-U'/T_..'_"I2D:;?LJ.L
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lOOX A s  Polished 7140 

FIGURE 10. FUEL FORM PRODUCED BY BLENDING COATED 
PARTICLES AND POWDER 
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Repeatedattempts to hot isostatically press the fuel form to

the exact final dimensionswere not successful. Thefailure to obtain

the desired configuration wasnot one single problembut a combinationof

variables which involved the cold-presseddensity and the uniformity of

density in the cold-pressedpellet, container design, and consistency in

exact duplication of the hot isostatic pressing run. Becauseof this

problemit wasmutually agreedto fabricate the pellets slightly oversize

andmachine%othe desired dimensionsafter consolidation. No further

problemswereencounteredin the fabrication of the desired fuel forms

using this approach.

In addition to the blending of tungsten coated particles with fines

to producethe desired fuel loa_ ng, two other fabrication approacheswere

evaluated during the program. Both of theseapproachesinvolved the blending

of 1 w/o thoriated tungsten powderwith uncoatedU02spheres. In one

instance the consolidation wasachievedby explosive compactionwhile the other

caseused hot isostatic compactionas the consolidation process. Thepellets

were formedby die pressing a slurry consisting of the powderand the UO2

particles. Theburnout material wasremovedby vacuumoutgassing. The

pellets scheduledfor explosive compactionwere loaded into steel containers

and compactedto a density of about 95 percent. Becausethe pellets were

machinablein this condition no further processing wssdoneuntil the cladding

step. Thosepellets scheduledfor hot isostatic pressing were loaded into

molybdenumcontainers and consolidated at 2850-2900F and 10,000psi for a

period of 3 hr. The structure of a typical pellet of this type is shownin

Figure ll. TheUO2 is not deformed but the uniformity of the dispersion

of the UO 2 in the matrix is not as satisfactory as that obtained when the

\

coated particles are used.
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25190 

FIGURE 11. FUEL FORM FABRICATED BY EXPLOSIVE COMPACTION 

lOOX Murakami ' s 

The s t r u c t u r e  shown i s  a f t e r  t he  cladding cyc le .  
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Fabrication_ Cyclin$_ and Evaluation

of Thermal-Cycle Specimens

The primary evaluation technique for clad fuel pellets fabricated

during this study was thermal cycling and subsequent examination. During

the thermal cycles, measurements and weights were taken so that the weight

loss and growth could be determined. The optimum fuel pellet would exhibit

no fracturing and have a minimum of growth and weight loss during thermal

cycling lOOtimes to 2000 K. From the data obtained by these evaluations,

a cladding material, fuel form, and fabrication technique for producing

a clad fuel pellet most closely meeting these requirements were selected.

First Thermal-Cycle Evaluation

The first thermal-cycle evaluation consisted of two pellets clad

with tungsten. These pellets were thermal cycled five times and were

found to be severely cracked. A detailed account of these specimens is

given below.

Fuel-Pellet Fabrication. The fabrication of the fuel pellets

consisted of three distinct areas. These are fuel form fabrication, clad

fabrication, and bonding and machining.

The fuel form consisted of UO2 coated with approximately 6 microns

of tungsten by vapor deposition. Fine tungsten powder (0.88 mircon) was

blended with the coated particles using a Parawax binder to bring the fuel

loading to 50 volume percent. The pellets were cold pressed to 72 percent

density, vacuum treated, and then hydrogen treated at 1500 F for 1 hr prior

to loading into a molybdenum container for hot isostatic pressing. These

pressing conditions were 2850 F and i0,000 psi for 3 hr. After HIP, the

- -CD:[__Z___Z::"_ tL
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pellets were leached from the containers. One specimen had to be ground

on the 0D to fit the cladding materials. The three tungsten-UO 2 fuel forms

were then vacuum treated at 500 F for 1 hr to remove any moisture from

leaching or grinding.

The cladding materials consisted of a tungsten tube 0.530 OD x

0.470 ID x 1.150-in. long, and tungsten end plugs 0.020 and 0.125-in. thick

by 0.465-in. diameter. The interior of the tube was in the as-EDM'd condition.

These components were vacuum treated at 2000 F for 1 hr prior to assembly with

the fuel forms. After assembly and welding in molybdenum containers the

assemblies were gas-pressure bonded at 2850 F and i0,000 psi for 3 hr. Follow-

ing bonding, the containers were removed by leaching.

The specimens were then ground on the OD to provide the type specimen

shown in Figure 3b. The final dimensions of these pellets were 0.500-in.

diameter by 1.088-in. long with a shoulder diameter of 0.516 in.

Thermal Cycling. Two of the three specimens, the best appearing and

one that contained a small defect, were selected for thermal cycling. The defect

area in the one specimen consisted of poor bonding in one area between the

thin end plug and the tungsten tube. The thermal cycle consisted of heating from

room temperature to 2000 K (1727 C) in lO min., holding five min, and then

cooling as rapidly as possible. Furnace cooling was used to 1000 C at which

time a steady flow of helium was purged through the furnace chamber. Then at

500 C, a direct blast of helium onto the specimens shortened the time necessary

to reach a temperature below 50 C. The entire cycle required approximately

45 min.

!
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After the first cycle, one specimen showed no change while the

other specimen_ which showed the defect initially_ had a 40-mil blister on

the 20-mil end plug end. In additionj the original defect area was slightly

enlarged.

Since the xyglo and helium leak check tests showed no cracking,

the pellets were submitted to four additional cycles. Upon inspection,

longitudinal cracking was apparent in both specimens. The blistered pellet

had two such cracks as well as a transverse crack in the area where the

core meets the I/8-in. end plug. Almost complete separation of the thin end

plug from the tube had occurred. The other specimen possessed three longi.

tudinal cracks. These specimens are shown in Figures 12 and 15.

Metallographic sections of these two specimens were made transversely

through the center of the specimen and longitudinally through the remaining

end pieces. Evaluation of these sections showed extensive intergranular

fracturing of the core in both the UO 2 and the tungsten. Cracks that were

observed on the surface of the pellet penetrated the core. A photomicrograph

of a crack into the fuel form is shown in Figure 14. Small cracks initiating

on the inside surface of the clad tube were noted as shown in Figure 15.

For comparison, the as-bonded pellet was sectioned to obtain initial

conditions of the clad pellet. The core did not appear to densify an additional

amount during the cladding operation but the UO 2 itself did. Good core-to-clad

bonding was observed while clad-to-clad bonds were only fair. Very fine grain

size was found on the exterior half of the tube whereas large grains were

observed on the interior half. Photomicrographs of the fuel form which was

not thermal cycled and a fuel form after cycling is shown in Figure 16.
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1x 9076 

FIGURE 12. SPECIMEN AFTER FIVE THERMAL CYCLES 

This specimen showed no d e f e c t s  a f t e r  
one thermal cycle. 
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FIGURE 13. 
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9075 

SPECIMEN CONTAINING DEFECT AREA AFTER 
FIVE THERMAL CYCLES 

Note t h e  lack of bond between t h e  end 
plug and t h e  tungsten cladding. 



lOOX As Polished 939 7 

FIGURE 14. CRACK I N  FUEL FORM AS A RESULT O F  THERMAL CYCLING 

This is the specimen shown in Figure 12. 
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lOOX A s  Pol i shed  9399 

FIGURE 15. MICROCRACKS I N I T I A T I N G  AT THE I N S I D E  
SURFACE OF THE TUNGSTEN CLADDING 
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lOOX A s  P o l i s h e d  

a. F u e l  Form Not Thermal Cycled.  

9393 

lOOX A s  P o l i s h e d  9398 

b.  F u e l  form A f t e r  Thermal Cyc l ing .  

FIGURE 16. COMPARISON OF FUEL FORM MICROSTRUCTURE 
BEFORE AND AFTER THERMAL CYCLING ’ 
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Analysis of these results promptedthe thermal cycling of a

tungsten cladding tube and an unclad fuel pellet. After cycling, these

componentswere examinedmetallographically. Nocracks were found in the

fuel form andthe degreeof core disintegration wasless than had beennoted

with the cycled clad fuel pellets. Microcrackswereapparenton the ID of

the tungsten tube. Further examinationof other tubes indicated that

these microcracks were causedby the electrical discharge machiningof

these tubes. Nodimensionalchangeswerenoted in either componentsbut a

weight loss of 0.28 percent wasobservedin the fuel form as a result of the

five thermal cycles.

Second Thermal Cycle Experiment

Additional thermal cycle specimens were prepared to more fully

evaluate the behavior of the clad fuel pellet during thermal cycling. Gen-

erally the fabrication procedure was the s_me as before except more care

was taken in cleanup of the components at the various stages of processing

and the bonding temperature for the cladding operation was increased.

Fuel Pellet Fabrication. The fuel form consisted of UO coated with
2

50 w/o tungsten. Tungsten fines were added with a 0.2 percent Parawax binder

to bring the fuel loading to 50 v/o U02. The cold-pressed pellets were

vacuum outgassed at 1800 F for 1 hr prior to HIP in molybdenum containers.

The pressing parameters were 2900 F and 10,000 psi for 3 hr. The fuel forms

were ground to a diameter of 0.450 in. and leached in dilute HNO 3 to remove

any smeared UO 2.

vv_,_ AmJ_1 _ A_AJ.J
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The clad components were fabricated as before with one exception.

The EDM operation was done in two steps with the final sizing to 0.470-in.

diameter being done very slowly to minimize cracking. The clad components and

t he fuel forms were vacuum treated at 2000 F for I hr prior to assembly.

Because the fuel forms were slightly undersize, more clearance was present

in the assembly than would normally be desirable. The components after

sealing in the molybdenum containers were gas-pressure bonded at 3200 F and

i0,000 psi for 1-1/2 hr. Pressure was released while at the bonding tempera-

ture to permit relaxation of the tungsten.

After bonding, the two pellets were machined to a diameter of approxi-

mately 0.490 in. to provide a clad thickness of 0.020 in. The length was

ground just enough to cleanup and the resulting length was 1.045 in. The

diameter of the shoulders was 0.505 in.

Thermal Cycling. The thermal cycle used for these pellets consisted

of heating to 2000 K (1727 C) in i0 min, holding for 5 min, and then cooling.

Cooling was similar to that used previously except that the heating cycle was

initiated after reaching 150 C. Inspection of the pellets was made by dye-

penetrant inspection and helium leak detection after Cycles i, 2, 3, 4, 5, and

1O. The helium leak test consisted of pressurizing the pellets with helium

gas, transferring the pellets to a vacuum chamber, and then checking the pump

effluent with a helium leak detector to determine if helium had been retained

in any cracks or voids present in the specimens.

After Cycles i and 2, no change was noted in the pellets except

for some growth both on the length and diameter. This growth continued

through the cycling treatment. Visual observation of these pellets after the

tenth cycle showed that both had cracked claddings, primarily in the tube

-C_('_*T*'--'--mI___. ........
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portion of the clad. These cracks were more or less random in orientation 3

although at least one was found to be completely circumferential. This

failure did not occur without warning_ however, because an identical pattern

was observed on the specimens during xyglo evaluations after the fourth and

fifth cycles. The fact that the clad pellets were still leak tight suggests

that a grain-boundary widening was taking place without actual cracking.

One of the failed pellets was submitted for metallographic examina-

tion. It was readily apparent that the cracking was intergranular in nature.

To point out the weakness of the grain boundaries, whole grains of tungsten

were pulled out of the cladding during metallographic polishing. Both the

cracking and pull-out are shown in Figure 17 which shows the cladding in a

transverse section. Notice that to the right and left of the crack are grain

boundaries which appear to have voids along a certain length. These are more

clearly shown in Figure 18. These voids were examined at high magnification

under bright and polarized light to determine if they were actually voids or

p! .........__ c _,'_ .... _ somc _^_ ^_ areas _a_ _u_ to _ voids

Ther_ is no doubt that these small voids represent the early stages of the

Intergranular cracking. The mechanism by which these voids are formed is

not known thoroughly 3 but it is probably related to vacancy diffusion and

the grain-boundary widening effects observed in tungsten of large grain size.

With regard to the clad bonding_ satisfactory leak-tight bonds

were produced during the pressure bonding cycle. Although some isolated

voids still remain along the original interface, as shown in Figure 19,

grain growth provided a gas-tight seal. Figure 20 is a photomicrograph of

a bond after thermal cycling. Notice that although the voids are still

present, no cracking occurred along this plane. Since the pellets grew

_T_ITP'Ir_T A T
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lOOX A s  Polished 15841 

FIGURE 17. TRANSVERSE SECTION O F  CLADDING FAILURE 
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1 7 5 X  A s  Polished 1584 

FIGURE 18. LONGITUDINAL SECTION OF CLADDING FAILURE 



lOOX As P o l i s h e d  15848 
FIGURE 19. LONGITUDINAL SECTION OF BOND IN AS-BONDED PELLET 

lOOX A s  P o l i s h e d  15843 
FIGURE 20. LONGITUDINAL SECTION OF THICK END PLUG BOND 

AFTER THERMAL CYCLING 
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dimensionally by about 1 percent during cycling, this suggests that the

bond line is not weaker than the tungsten grain boundaries themselves. In

addition, the bond between the clad and the core was of excellent quality

and showed no signs of failure.

The appearance of the cermet core was similar to that of previous

pellets in that there was general disintegration of both the UO 2 and tungsten

as a result of grain growth and grain-boundary separation. Typical examples

are shown in Figures 17, 18, and 19. Although some of the larger voids in

the U02 area are due to pullout during metallographie polishing, the smaller

voids apparent in the UO 2 grain boundaries and in the tungsten are real. Many

of the voids seen in the cycled core (Figures 17 and 18) were inherent to the

core as a result of bonding (Figure 19). A contributing factor in the behavior

of the cermet core during cycling may be the high fluorine content of the

vapor deposited tungsten. Analysis of these particles indicated that the

fluorine content was approximately Ii00 ppm. This amount of fluorine in the

tungsten coating has been shown to result in the formation of voids during

high-temperature treatment.

Because of the failure of these pellets to withstand thermal cycling

for an acceptable number of cycles, the program was re-directed to investigate

new cladding materials and pellet fabrication techniques. These were investi-

gated in the next two thermal cycle experiments.

Third Thermal Cycle Experiment

In this thermal cycle experiment, three different cladding materials

were evaluated. These were tungsten, tungsten-25 rhenium_ and I p@rcent

thoriated tungsten. Also, different procedures were used in the heat treatments

F'AM_'7_Z"TT, "Z...
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of the fuel form and the cladding materials prior to bonding. Improved

machining procedures were used in the preparation of the cladding components.

These refinements resulted in improved thermal cycling behavior, particularly

for the tungsten and tungsten-rhenium clad pellets.

Fuel Pellet Fabrication. The fuel forms were fabricated from the same

lot of coated particles and in the manner as those prepared in the second

thermal cycle experiment. The only change in procedure was a high-temperature

hydrogen stress relief prior to the cladding operation. Following machining

of the fuel form and removal of any smeared UO 2 by a dilute nitric acid dip,

the fuel forms were hydrogen treated at 1750-1800 C for l-l/2 hr. Heating

and cooling rates of 500 C/hr were used. A preliminary study of this treat-

ment indicated that very little dimensional change or weight loss resulted.

The tungsten structure did show slightly greater porosity, but this was not

felt to be deleterious.

The cladding materials used for this study were tungsten, tungsten-

25 rhenium; and 1 percent thoriated tungsten. Improved procedures were used

in the preparation of these components. Rather than using the electrical

discharge machined surface for bonding, the EMD'd surface was cleaned up by

honing about 0.005 in. from the surface to ramove any microcraeks. A slip

fit with the fuel form was provided. The end plugs were prepared by grinding

from O.130-in.-thick sheet and 0.030-in.-thick sheet. Following machining

and prior to assembly for gas-pressure bonding, the clad components were

given the same hydrogen heat treatment that was given to the fuel form.

The clad materials and the fuel forms were assembled, placed in

molybdenum containers and gas-pressure bonded. In this bonding cycle, a higher

pressure, 15,000 psi was used. The run conditions consisted of a temperature

of 3150 F and a gas pressure of 15,000 psi for a period of l-l/2 hr. The gas
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in the autoclave was then bled off at a rate not exceeding i00 psi/min to

a pressure of i00 psi while maintaining temperatL_e to permit relaxation of

the tungsten. The total time at temperature was about 4 hr.

Following bonding, the specimens were leached from the bonding

containers and ground to the required dimensions. These were a cladding

thickness of 0.020 in. on the diameter and one end and a clad thickness of

O.125 in. on the thicker end. The clad pellets were inspected for cracks

by dye-penetrant inspection and for possible defects by the helium leak-

detection technique described previously.

Thermal Cycling. These three pellets were subjected to the same

thermal cycle as that described previously. Inspection was made after Cycles

i, 2, 3, 4, 5, iO, 25, 50, 75, and i00. All three pellets were cycled the

full i00 cycles.

Pellets 2 and 4 did not change in physical appearance at all during

the i00 cycles but Pellet 6, having the thoriated tungsten clad, did crack.

During an intermittent macroscopic examination after 35 cycles, the surface

appeared dull and grainy as a result of extensive grain growth in the cladding.

Then, after 50 cycles, the Zyglo test indicated apparent grain-boundary

cracking almost identical to that observed during the previous thermal-cycle

test with tungsten clads. Since the cracking appeared to be initiating on

the exterior surface, thermal cycling of the pellet was continued. By the

end of the i00 cycles, the entire clad surface was cracked, and some had

propagated over the machined shoulder and into the thin end plug. Upon

reaching the bond area between the clad tube and the end plug, the crack

propagated circumferentially along the bond line.
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During the inspections of the pellets_ accurate dimensions were

taken as well as weights. These data were tabulated and then plotted so

that percent change was a function of the number of thermal cycles.

Figure 21 compares the data for the three pellets with regard to growth on

the diameter and length and to the weight loss of the total specimens.

The diametrical growth of the pellets was so minute during the first 25

cycles that the calculated percent growth was still within the accuracy

with which the measurements could be taken.

As can be seen, however, the pellets all began to show indications

of growing after l0 cycles. Pellets 2 and 4 continued to increase but began

to reach a stable point after 75 cycles. The inflection point at which the

rate of growth changes from increasing to decreasing is at about 35 cycles.

Pellet 6, on the other hand, did not reach any inflection point but rather

continued to grow at a linear rate after 25 cycles. One important point

regarding the diametrical growth is that on all three pellets there was 0.2

l_rcent growth or less at the machined shoulders. The major growth was

recorded in the area between the shoulders. Although the diameter at the

center tended to be larger than those next to the shoulders, the overall

change was very near the established measurement accuracy. Therefore, for

simplicity, the three center diameters were averaged for producing the curves

shown.

The growth produced in the lengths was somewhat different. In all

three cases, the rate of growth decreased after the initial cycles as shown by

the secc_Id set of curves in Figure 21. The tungsten-clad pellet (2) exhibited

the least amount of growth with the majority being produced during the first

two cycles. _ the end of the tenth cycle, the pellet grew at a rate of about
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1 mil every 40 cycles. Pellets 4 and 6, on the other hand, showed considerably

more growth than 2; the thoriated-tungsten-clad pellet (6) had about twice

the amount of growth as the tungsten-rhenium-clad pellet (4). In comparing

this data with that of diametrical growth, it is interesting to note that

there is no inflection point for the length-growth curves.

The last set of curves in Figure 21 shows the accumulative weight

loss of the three pellets. As shown, Pellet 4 had a negligible loss. It

should be noted here that these percent values were calculated on the basis

of the weight of the whole pellet both core and clad. The weight-loss curves

are to show qualitative results only. However, they are indicative of the

quantitative results since the weights of all three core pellets were within

0.3 percent. Percent loss calculated on the basis of the core weight will

increase the values on these curves by a factor of about 1.55. Pellets 2

and 6 had almost identical losses until about the fiftieth cycle. Then, Pellet

6 began to lose at a much faster rate. This is evidently due to the cracking

of the clad and resulting exposure of UO 2 to the vacuum.

Figure 22 shows the exterior of the thermal-cycled pellets prior

to sectioning. Metallographic examination of the tungsten-clad pellet (2)

revealed the best structure produced on this program to date. As sho_n in

Figure 23, disintegration of the UO2 and tungsten matrix was much less than

in previous specimens. The UO2 grain boundaries were not enlarged nor was

there extensive pullout at the U02-tungsten interface. Figure 24 demonstrates

the excellent core-to-clad bonding which was achieved. Similarly, Figures

25 and 26 show the bonds produced between the cladding components. Although

some spherical isolated voids existed at the interface, there was no indication

of these creating a path for crack propagation.

jCI:FID_-._-Z_AL
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P e l l e t  2 P e l l e t  4 

2x 

FIGURF, 22. CLAD FUEL PELLETS AFTER 

P e l l e t  6 

20713 

THERMAL CYCLES 
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2oox Murakami's Etch 2 123  1 

FIGURE 23. TUNGSTEN CLAD: TYPICAL CORE STRUCTURE 

lOOX Murakami ' s Etch 21232 

FIGURE 24. TUNGSTEN CLAD: CORE-TO-CLAD BOND 

. 
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lOOX Murakami's E t c h  21240 

FIGURE 25. TUNGSTEN CLAD: BOND BETWEEN THIN-END PLUG 
AND CLAD TUBE 

lOOX Murakami ' s Etch 21236 

FIGURE 26. TUNGSTEN CLAD: BOND BETWEEN THICK-END P L U G ,  
AND CLAD TUBE 
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Figures 27, 28, 29, and 30 show the same views of the tungsten-

rhenium-clad pellet (4). For all practical purposes, the microstructures

of Pellets 2 and 4 are identical although the photomicrographs of Pellet 4

show more tungsten-rich areas than those of Pellet 2. These isolated areas

were noted in both pellets. Good core retention, core-to-clad bonding,

and clad-to-clad bonding were observed in all metallographic sections.

This was not the case with the thoriated-tungsten-clad pellet (6),

however. As shown in Figure 31, the core disintegration was much more pro-

nounced than in the other two specimens. However, it was still an improve-

ment over the structures of previous thermal-cycled specimens. Figure 32

shows the good core-to-clad bonding achieved but it also points out the

large radial grain boundaries which existed in the cladding. These large

grain boundaries were the areas where cracking initiated. The thoria has

remained uniformly dispersed despite the large grains and the time at the

cycling temperature. Figures 33 and 34 show the bonds in Pellet 6. As men-

tioned earlier, a longitudinal crack had propagated over the shoulder and

into the bond between the thin end plug and the cla_ tube. This crack in

the bond is shown in Figure 33. The bond produced between the thick end

plug and the clad tube was not cracked but it is obvious that there was not

much grain growth across the interface. This result is expected if the

material is already at an equilibrium grain size plus the effect of the

thoria pinning the grain boundaries.

In summary, Pellets 2 and 4 were definitely satisfactory. The fact

that the tungsten-clad pellet grew less during thermal cycling in conjunction

with its good core condition implies that it would be the most desirable.



lOOX Murakami ' s Etch 21229 

FIGURE 27. TITNGSTEN-RHENIUM CLAD: TYPICAL CORE STRUCTURE 

lOOX Mur akami ' s Etch 21230 

FIGURE 28. TUNGSTEN-RHENIUM CLAD: CORE-TO-CLAD BOND 
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lOOX Murakami ' s Etch 21238 
FIGURE 29. TUNGSTEN-RHENIUM CLAD: BOND BETWEEN THIN-END 

PLUG AND CLAD TUBE 

' ?  

/ W l  
I 

'21237 l O O X  Murakami ' s  Etch 
FIGURF: 30. TUNGSTFIY-RHENIUM CLAD: BOND BETWEEN THICK-END 

PLUG AND CLAD TUBE 
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10 ox Murakami's Etch 21233 
FIGURE 31. THORIA-TUNGSTEN CLAD: TYPICAL CORE STRUCTURE 

l O O X  Murakami ' s Etch 21234 

FIGURE 32. THORIA-TUNGSTEN CLAD: CORE-TO-CLAD BOND 
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lOOX Mur akami ' s Etch 21239 
FIGURE 33. THORIA-TUNGSTEN CLAD: BOND BETWEEN THIN-END 

PLUG AND CLAD TUBE 

lOOX Murakami ' s Etch 21235 
FIGURE 34. THORIA-TUNGSTEN CLAD: BOND ' B E T ~ N  THICK-END 

PLUG AND CLAD TUBE 
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Fourth Thermal Cycle Experiment

Concurrent with the work on the third thermal cycle experiment

clad pellets for an additional thermal cycle experiment were being prepared.

Three different processing procedures were being evaluated for producing

the fuel form. These were the blending of UO and thoriated tungsten powder
2

for the fuel form rather than the use of coated particles blended with powder.

The fuel forms prepared in this manner were then densified by explosive com-

paction or hot isostatic compaction. The third approach was to evaluate the

use of blending thoriated tungsten powder with coated particles rather than

pure tungsten powder. Arc-cast tungsten clad material was used on all specimens.

Fuel Pellet Fabrication. The fuel forms for six of the seven speclmens

in this experiment were fabricated from a blending of 3 micron tungsten-1 w/o

thoria powder with spherical depleted UO 2 having a nominal diameter of 60

microns. A slurry of this mixture was die pressed into pellets 0.520-in.

diameter by 1.25-in. long. The carrier was removed by vacuum outgassing.

Three of these pellets were densified by HIP and three were densified by ex-

plosive compaction. The explosively compacted pellets had a denslty in excess

of 95 percent of theoretical and were not isostatically sintered by HIP as

originally intended. These explosively compacted pellets could be readily

machined in the compacted condition. The three pellets that were densified

by HIP were processed at 2900 F and lO, O00 psi for 3 hr. The seventh pellet

was fabricated from coated particles (50 w/o U02) blended with sufficient

thoriated tungsten powder to obtain the desired fuel loading of 50 v/o UO 2.

The processing for this specimen, except for the use of thor_ated tungsten

powder, was the same as previous fueJ forms.
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The fuel forms were under the desired size and therefore after

machining there was excessive clearance between the fuel form and the clad

material. No chemical cleaning of the blended fuel forms was done prior to

the heat treatment because of the lack of a protective coating over the UO2

particles.

The cladding material was arc-cast tungsten for all pellets. Holes

were EDM'd in rod stock and honing was used as previously to remove any

damaged material. End plugs were machined the same size as the fuel forms

since these were undersize. To prevent extrusion of the molybdenum canning

material into the gap between the end plug and the tube, a tungsten wafer

was placed over each end. The material was also heat treated at the same

time as the fuel forms. Because of a leak in the hydrogen furnace, slight

oxidation of the first specimen to be treated resulted in the decision to

use vacuum as the atmosphere for the stress relief. Therefore, all seven

fuel forms and their cladding components were stress relieved in vacuum at a

temperature of 1750-1800 C for l-l/2 hr using heating and cooling rat_ of

C/hr.

The specimens were then assembled in their molybdenum containers

and gas-pressured bonded at 3200 F and 15j000 psi for a period of 2 hr. The

pressure was reduced while maintaining temperature. After removal of the

bonding containers, one specimen containing an explosively compacted core and

one containing a blended core consolidated by HIP were selected for metallo-

graphic examination. The remaining five pellets were ground to provide a

O.020-in.-thick clad on the OD at one end and a thickness of 0.125 in. on the

thicker end. Shoulders having a diameter 0.015 in. larger than the OD were

provided at each end as usual. After final machining, these pellets were dye-
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penetrant inspected and helium-leak checked to determine the integrity of

the clad. All pellets were found to be satisfacotry for thermal cycling.

Thermal Cycling. Prior to thermal cycling_ two pellets having

blended cores, one explosively compacted and one HIP core, were subjected

to the brazing cycle used for the joining of the thermocouple wells to the

pellet. To simulate the final setup3 pieces of tantalum-lO weight percent

tungsten rod were brazed to the pellets on the thick end plug. The brazing

cycle was: heat to 4500 F in a vacuum in no less than i hr, hold for 5 min,

and furnace cool. The first attempt to braze the pellets using pure columbium

as a braze was unsuccessful because a furnace element burnt out at 4450 F. No

brazing occurred so the pellets were subjected a se_nd time with this try

being successful.

After brazing of these two pellets_ the five pellets scheduled for

evaluation were thermal cycled. The thermal cycle used was: room temperature

to 500 C in I0 min, 500 C to 1727 C in i0 min, hold for 5 min, and cool as

rapidly as possible using an argon flow when specimens had reached black heat.

After 5 cycles, considerable growth was observed with all specimens except for

the control pellet which contained the coated particles blended with thoriated

powder.

The average diametral growth for the four pellets at this point was

1/2 to l percent. This rate of growth continued through the IOth and 15tn

cycles before tapering off to a 2 percent growth after 25 cycles.

The coated pellet snowed no growth until the 25th cycle. At the

end of 50 cycles, the average of the first four was 2.5 percent, while Pellet

16 was only at 1.25 percent. At the end of 75 cycles, there was considerable
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scatter of data due to failures in the clad] however, the control pellet had

the least growth. It was the only specimen which grew in a similar manner

to the specimens cycled in the previous test.

All pellets grew at a fairly consistent rate on length except the

brazed pellet with an explosively compacted core. This pellet grew approxi-

mately 2 percent within the first five cycles. All pellets ended up with a

final growth of approximately 3 percent, however, The other explosively

compacted pellet was removed from testing after 50 cycles because of excessive

cracking on the thin end plug. The control pellet dia show the minimum growth

on length through the first 30 cycles.

Surprisingly, the weight-loss data on all five specimens was com-

parable to that produced by the tungsten-clad specimen in the earlier test.

All specimens had final weight losses of less than O.1 percent, and the

average value was 0.054 percent. It is not unusual to have specimens which

show growth but still be low on weight loss, because this occurred during the

previous test when the tungsten-rhenium-clad specimen grew more than the

tungsten-clad specimen but yet had less weight loss. The growth and weight

loss data are summarized in Figure 35 which also identifies the pellets by

number.

Typical structures of the blended fuel form pellets are shown in

Figures 36 and 37. Figure 36a shows the explosively compacted fuel form in

the as-compacted form and Figure 36b shows this same core after gas-pressure

bonding. Figure 37a shows the blended core after HIP and Figure 37b shows

the same core after the cladding cycle.

Each of the five pellets cycled was sectioned into five pieces by

removing a 1/8-in.-thick transverse piece from the center of the specimens

and then sectioning each end longitudinally through the center. This technique

- CON!-I_LLI[I--_IL
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lOOX Murakami ' s Etch  

a. As-compacted 

25188 

lOOX Murakami ' s E t c h  25190 

b. A f t e r  Cladding  Cycle  

FIGURE 36. MICROSTRUCTURE OF EXPLOSIVELY COMPACTED PELLET AT 
VARIOUS STAGES OF FABRICATION 

E x p l o s i v e  compact ion fo l lowed by p r e s s u r e  bonding.  
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loox Murakami's Etch 
a. After Densification Cycle 

25189 

L 

25194 lOOX Murakami's Etch 
b. After Cladding Cycle 

FIGURE 37. MICROSTRUCTURE OF HOT ISOSTATICALLY PRESSED PELLET 
AT VARIOUS STAGES OF FABRICATION 
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was used on previous specimens since it allows examination of clad bonding,

core-to-core bonding, core-to-clad bonding, and core structure. Figures 38,

39, 40, 41, and 42 are typical photomicrographs of the core-to-clad bonds and

core structures for Specimens ll, 12, 13, 15, and 16, respectively. The

first four figures do not vary in appearance much except for voids in the

core. Most of the variation is a result of pullout of the UO2 during metallo-

graphic polishing° One characteristic which is evident is that the void

space between UO2 particles and the matrix are larger in Pellets 12 and 15

than they are in Pellets II and 13. This is evidently due to the greater

expansion of the UO2 during the 4500 F brazing cycle, causing a larger fuel-

particle void. Another point is that Pellet ll has a more dense matrix than

Pellet 12 which had gone through the brazing cycle. The fact that Pellet 12

survived the 75 cycles better than Pellet ll suggests that the increased

density is not necessarily beneficial. A third observation is that the U02

in the explosively compacted pellets, ll and 12, is more dense than those

fabricated by pressure bonding.

The control specimen, Figure 42, is basically of similar quality to

Pellets 13 and 15 except, of course, the UO2 dispersion is much more desirable

as a result of using coated particles. Void formation and UO2 density are of

equal proportions to the other specimens.

Core-to-clad bonding was excellent in all five specimens. The only

variation in cladding material was the larger grain size in Pellets 12 and 15

as a result of the high-temperature vacuum treatment required for brazing.

Figure 43 shows the two types of failures observed on the specimens.

The top photo is of the "H" type crack which occurred in Pellet ll at the thin

eng-plug end. Notice that the end plug has bowed and that the crack protrudes



lOOX A s  Polished 

a. Core S t r u c t u r e  

25800 

lOOX As Polished 25801 

b. Core-to-Clad Bond S t r u c t u r e  

FIGURF: 38. TYPICAL CORE AND CORE-TO-CLAD BOND STRUCTURES FOR SPECIMEN 11 

Explosive compacted core, c l ad  by p res su re  bonding, and 
thermal  cycled. 
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lOOX A s  Polished 
a. Core S t r u c t u r e  

25802 

l O O X  As Polished 25803 
b. Core-to-Clad Bond S t ruc tu re  

c FIGURF: 39. TYPICAL CORE AND COFX-TO-CLAD BOND STRUCTURBS FOR SPECIMEN 1 2  

Explosive compacted core,  clad by p r e s s u r e  bonding, subniitted 
t o  brazing cycle ,  and thermal cycled. 
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l O O X  A s  Polished 

a. Core S t r u c t u r e  

25804 

lOOX A s  Pol ished 25805 
b. Core-to-Clad Bond S t r u c t u r e  

FIGURF: 40. TYPICAL CORE AND CORE-TO-CLAD BOND STRUCTURES FOR SPECIMEN 13 
Pressure-bonded core, c l a d  by p r e s s u r e  .bonding, and 
thermal cycled. 



lOOX As Polished 
a. Core Structure 

25806 

lOOX As Polished 2 5 807 
b. Core-to-Clad Bond Structure 

FIGURE 41. TYPICAL CORE AND CORE-TO-CLAD BOND STRUCTURES FOR SPECIMEN 15 
Pressure-bonded core, clad by pressure bonding, submitted 
to brazing cycle, and thermal cycled. 
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l O O X  As Polished 
a. Core Structure 

25808 

lOOX As Polished 25809 
b. Core-to-Clad Bond Structure 

TYPICAL C O m  AND CORE-TO-CLAD BOND STRUCTURES FOR SPECIMEN 16 
Pressure-bonded core, clad by pressure bonding, and 
thermal cycled. 

FIGURE 42. 
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c 

1 oox A s  Polished 25733 

a .  Thin End Plug Crack i n  Specimen 11 

250X A s  Poli 

b .  Typical  Clad Crack i n  SF 

FIGURE 4 3 .  Typical  F a i l u r e s  

s h e d  

iecimen 15 

25799 

of Thermal-cycled P e l l e t s .  
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into the core rather than propagating at the core-to-clad interface. The

crack is intergranular and is evidently due to excessive growth which

created large tensile stresses in the cladding. The lower photo is of the

intergranular cracks w_ich were apparent on the other four specimens, par-

ticularly those pellets wnich had been submitted to the brazing cycle. Note

how the grains have displaced at the grain boundary creating steps on the

clad surface. The frequency of these failures was greater in the brazed

pellets due to their larger grain size and resulting poor grain-boundary

strength.

Failure of the fourth series of thermal cycle specimens was

believed to have been caused primarily by altering the stress-relieving

atmosphere from hydrogen to vacuum rather than the introduction of thoriated

tungsten powder as the matrix material. It was agreed that coated particles

should be used in all subsequent work since the control specimen (Pellet 16)

showed a more desirable growth pattern. As previously decidedj all future

pellets would use unalloyed arc-cast tungsten rod as the cladding material.

As a result of these studies, Battelle and NASA personnel agreed

to initiate fabrication of the enriched fuel pellets.

Preparation and Evaluation of Enriched UOe Fuel Pellets

The results from the thermal cycle experiments indicated that the

desired pellet assembly would consist of a tungsten-50 v/o UO fuel form
2

clad with unalloyed tungsten. The fabrication procedure for this type of

pellet had been established and the decision was made by NASA to initiate

fabrication of the enriched fuel pellets. Ten fuel pellets were made of

which four were thermal cycled to determine the growth and weight loss

characteristics of these pellets.

_.r
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Enriched Fuel Pellet Fabrication. The UO 2 used for the enriched

pellets had been initially coated with 50 v/o tungsten early in the program.

This coating was also high in fluorine. As improved pellet fabrication

procedures were developed, it was necessary to remove the tungsten coating

and re-coat the UO2 with 50 w/o tungsten. This new coating also contained

lower fluorine (167 ppm). Because of some losses during processing, two of

the ten pellets contained UO2 from another lot material. All the UO2 met

the requirements of the contract which specified a spherical particle size

of 60-100 microns, a density of 92-95 percent, and full enrichment (see

Table 3).

Following coating with 50 w/o tungsten, the coated fuel was blended

with sufficient 0.8 micron tungsten powder to bring the fuel loading to 50

v/o UO • The analysis of the coated fuel is given in Table 4. Parawax
2

(0.2 percent) was used as a binder. The pellets were pressed to about 75

percent density, outgassed at 1500 C for 1/2 hr to remove the binder and

.--_-_ _-_- -^_._ ........ _ _ _l_n_4nn. Porous molybdenum

spacers were placed at each end of the container to insure uniform deformation

of the pellet. HIP conditions of e90o F and i0,000 psi for 3 hr were used to

densify the pellets to an approximate density of 95 percent of theoretical.

The molybdenum containers were selectively leached from the fuel form and

the resulting fuel form was cleaned up in dilute sodium hydroxide. The fuel

forms were then ground to 0.462-in. diameter by l.O00-in, long. Prior to

hydrogen stress relieving at 1750-1800 C for 1-1/2 hr, the fuel forms were

dipped in dilute HNO 3 to remove any smeared UO2. Following the hydrogen

treatment the pellets were weighed.
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TABLE 4. ANALYSIS OF ENRICHED
UO 2 PARTICLES AFTER COATING WIT_ 50 w/o

TUNGSTEN

Element Impurity Level - ppm

A1

Bi

B

Ca

Cr

Cu

Fe

Pb

Mg

Mn

Mo

Ni

P

Ti

Si

Sn

V

Zn

H
2

N2

F

<

<

<

<

<

<

<

2

< 5

l

< 60

< l

lO

< 5

< 5

< 20

< 10

< lO

167

lO

5

0.3

i0

5

1

l0

5

2
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The cladding materials were prepared as follows. Arc-cast

tungsten rod (0.625-in. diameter) was cut and ground to a length of

1.200 in. These parts were then EDM'd to provide a through hole 0.445 in.

in diameter. The tubes were then treated in vacuum at 2500 F for 1 hr

prior to honing the ID to 0.464-in. diameter. The OD was then ground to

0.530-in. diameter. End plugs 0.150 in. and 0.050-in. thick were machined

from arc-cast tungsten bar stock which had been ground to a diameter of 0.462

in. The tubes and end plugs were dye-penetrant inspected before hydrogen

treating at the same conditions as the fuel forms. After this treatment,

the cladding components and the fuel forms were assembled and gas-pressure

bonded at 3100+ F and 30,000 psi for 2 hr. The pressurizing gas was removed

while at temperature. Following the bondi_ operation, the pellets were ground

to the specifications of NASA Drawing CF 351044.

Thermal Cycling of the Enriched FuelPellets. Four pellets were

selected for ther___l cycling= These were designated at E4.. E5, E7, and E8.

Pellets E4 and E5 showed no defects by helium leak check and dye-penetrant

inspection. Pellet E7 showed heat-check marks on the thick end and E8

showed heat-check marks on both ends. These were removed by abrading prior

to thermal cycling and could not be detected by dye-penetrant inspection

or helium leak check.

Pellet E8 showed a pattern of cracks on the thin end resembling the

heat checking after one cycle. These became progressively worse during the

cycles and at 25 cycles some cracking up the sides was evident. Pellet E4

showed a faint indication of a crack on the thin end at the periphery after

5 cycles. After 25 cycles, the crack extended about 0.06 in. into the thin

-COl JI-LLLIJTL:L
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end and about 0.04 in. along the OD. The crack did not increase in length

during cycling but did show a tendency for an increase in width. Pellet E5

showed a crack about 0.09 in. long in the center of the thin ena after 25

cycles. This crack did not increase in length but like the crack in Pellet

E4 became wider during the remaining cycles. Pellet E7 showed no defects

during the thermal cycles. The percent growth and weight loss curves are

shown in Figure 44. Pellets E4, E5, and E7_ which appeared satisfactory

throughout the thermal cycling, showed nearly identical growth and weight

loss. Pellet E8, which showed cracking after the first cycle, showed similar

weight loss but considerably less growth. The thermal cycle for these speci-

mens was the same as that for the previous group in which 20 min is taken to

reach 2000 K rather than i0 min used in the early work.

Metallographic examination of these pellets indicated that E4, E5,

and E7 appeared very similar in internal structure of the tungsten and the UO 2.

The tungsten was coarser grained and the UO 2 more porous and fragmented than

the other pellet, E8, which showed only 1.2 percent growth on the diameter.

The UO 2 in this pellet was from another lot that had not been decoated.

Little or no fracturing of the UO 2 was evident in this specimen after I00

thermal cycles. In Figures 45, 46, and 47 are shown typical sections from

Pellets E4, E5, and E7. Metallographic sections of E8 are shown in Figure 48.

Areas of E8 showed complete lack of bond between the clad and the core after

thermal cycling. Figure 49 shows photomicrographs of one of the pellets

that was not thermal cycled.

Although the results of this thermal-cycle study were not as desir-

able as those obtained previously from a tungsten-clad specimen, the data for

three of the specimens were very consistent both in growth and weight loss.
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lOOX Murakami ' s Etch OA5 42 

- 

a. Clad and Core S t ruc tu re  

5ox Murakami ' s  Etch OA545 
b. F rac tu re  a t  Thin End of P e l l e t  

FIGURF: 45. PELLET E4  AFTER 100 CYCLES 
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lOOX Murakami ' s Etch 

a. Typical Core S t r u c t u r e  
OA5 5 1 

* : 

lOOX A s  Polished 

b. Crack i n  Thin End o f  Pellet 
FIGURE 46. PELLET E5 AFTER 100 THERMAL CYCLF,S 

O A 5 4 8  
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lOOX Murakami ' s  E t c h  

a. Core S t r u c t u r e  

b 

lOOX Murakami ' s E t c h  OA554 
b. Clad t o  Core I n t e r f a c e  

FIGURF: 47. PELLET E7 AFTER 100 THERMClL CYCLES 
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lOOX Murakami's Etch 

a. Clad and Core S t ruc tu re  
OA5 62 

l O O X  Murakami ' s Etch 0~561 
b. Typical  Cracking i n  Clad 

FIGURE 48. PELLET E8 AFTER 100 THERMAL CYCLES 

The UO;! i n  t h i s  p e l l e t  was from a l o t  
t h a t  had not been decoated. 
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lOOX Murakami's Etch 

a. Typical Core S t r u c t u r e  

,-- 

lOOX Murakami ' s Etch OA538 
b. Clad t o  Core I n t e r f a c e  

FIGURE 49. MICROSTRUCTURE OF PELLET E l  

This p e l l e t  w a s  not thermal  cycled. 
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The remaining specimen showed fracturing of the outer clad but showed far

less growth on length and diameter although the weight loss for all four

pellets was nearly identical.

Supporting Studies

In addition to the fabrication of the clad fuel pellet, Battelle

was responsible for the fabrication of the tantalum-10 w/o tungsten con-

tainment vessel and the encapsulation of the clad fuel pellet within the

containment vessel. This required the development of brazing techniques for

attachment of the tantalum-10 w/o tungsten thermocouple wells to the clad

fuel pellet and to the containment vessel itself. Development of electron

beam welding procedures for the girth weld of the containment vessel also

were developed.

Brazing Studies

The initial brazing st,_a_= _ere conducted wit_ tanta!1_-lO _/o

tungsten and tungsten specimens. The tantalum alloy specimen was prepared

from a 0.75-in.-diameter rod in which four spaced holes were drilled to

hold four pins of the tantalum alloy. This specimen simulated the end of

the containment vessel through which the thermocouple wells pass. A tungsten

specimen simulating the clad fuel pellet was made from bar stock.

Wetting studies with the tantalum alloy and the tungsten were made

with the following candidate materials in vacuum:

4
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Alloy Brazing Temperature_ F

Cb-6V 4350

Cb-40V 35o0

Cb-50V 3500

Cb-65V 3600

Cb 4500-4560

Ta-3Si 4600

All of the columbium-vanadium alloys wet both the tantalum-lO tungsten and

tungsten-base metals. There was considerable porosity in the tantalum-lO

tungsten joints but little reaction between the base metal and the brazing

alloy. The wetting properties of these alloys do not appear to be excep-

tional; although the joint was filled_ there was not much filleting around

the pins which represented tubing. The columbium had excellent wetting pro-

perties, the joint was filled, there was good filleting, and little or no

porosity was evident. Some reaction between the base metal and the columbium

braze metal occurred. Metallographic examination of the joints made with the

tantalum-3 silicon alloy indicated that silicon penetrates the grain boun-

daries of the base metal to an undesirable degree. Because of the possi-

bility of producing a brittle phase, the tantalum-3 silicon alloy was

discarded.

Additional brazing studies were conducted to further investigate

the apparent reaction of the columbium braze with the base metal. High-

purity arc-cast eolumbiumwas used and excellent joints were made. Metallo-

graphic examination indicated that an excessive amount of a second phase was

present. Joints were made using columbium from several sources with similar

results. It was determined that a higher vacuum during brazing was required

to eliminate this second phase. The pumping system is capable of less than

I'-'_---'_":L, ...... __
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10 -5 tort at room temperature. A typical pressure at the brazing tempera-

ture of 4525 F was 2 x 10 -4 tort. A time of 5 min at brazing temperature

was found to be adequate for good joints without excessive alloying with

the base metal.

Because of the encouraging results with the columbium braze, no

further work was done in this area until actual assembly of the containment

vessel assemblies. The final brazing work on this program substantiated

the results of the preliminary study.

Electron-Beam-Weldin$ Studies

The girth joint shown on the drawing of the containment vessel

assembly (Figure i) was made by electron-beam welding. Early in the study

an older type electron-beamwelder with a relatively wide beam was used. This

machine, although capable of producing a satisfactory joint, produced a wide

weld and about 0.060 in. shortening of the capsule. When the final containment

vessel assemblies were fabricated_ another welder had been purchased and this

unit was capable of producing a more desirable weld. The weld beam was consider-

ably narrower, thus producing less heating of the clad pellet during welding.

The shortening of the vessel was reduced to about 0.008 in. during the welding

process.

The welds were accomplished by holding the two portions of the con-

tainment vessel in a special fixture. The larger end containing the clad

pellet was held in a rotating chuck, and the other end containing the fill

tube and the support spring was axially loaded to maintain contact at the

butt joint area. Prior to the actual welding operation, the girth joint was

tack welded in three places by the electron beam to prevent any shifting
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during welding. The containment vessel was then rotated for I revolution

under the electron beam. The welding parameters to achieve full penetration

were:

Acceleration voltage 30 kv

Beam Current 50 ma

Rotation speed 6rpm

After the weld was about 70 percent cemplet% the power was manually reduced

to prevent excessive penetration of the heated co1_ainment vessel.

The actual welds are discussed in the section on assembly of the

containment vessel assemblies.

Fabrication of Containment Vessel

Assemblies for Thermal Cycling

To evaluate the design and fabrication procedure for the containment

vessel assembly and to determine its behavior during thermal cycling, three

assemblies were fabricated. The original intent was to process and evaluate

only one assembly which contained a clad pellet containing depleted UO 2. How-

ever, the growth characteristics of this clad pellet were greater than expected

and two additional assemblies containing clad pellets with enriched UO 2 were

fabricated and evaluated. The fabrication procedures and results of the

thermal cycle tests are discussed below.

Fabrication and Thermal Cycling of the First

Mock-Up Containment Vessel Assembly

T he containment vessel assembly containi_ the depleted UO2 pellet

was fabricated to the specifications shown in the drawing in Figur_ i. The

clad fuel pellet was processed in the identical manner as the enriched pellets

cc::i-_"
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described in a preceeding section of this report. The only differences were

in the fuel, the grinding of the positioning lugs on each end of the pellet,

and the machining (EDM) of the recesses for the thermocouple wells.

The pellet and the thermocouple wells were brazed into the contain-

ment vessel using the procedures developed early in the program. The exact

position of the pellet within the assembly was maintained by placing the

pellet on a pedestal of Ta-lOW material. The columbium braze rings were

placed on top of the pellet and a small amount of adhesive that completel_

burns off during brazing was applied tc maintain the position of the braze

material. The capsule was slipped over the pellet and the thermocouple wells

positioned. Four more rings of braze material were placed at the entry of

the wells into the capsule. The assembly was then brazed at 4525 F for 5

minute s.

Following brazing, the tantslum-10 tungsten support spring, the

domed end closure and the brazed component were assembled and electron beam

welded. The fill tube bad been brazed in place prior to this operation.

The braze Joints and the weld were visually inspected prior to

pressure checking at I0,000 psi helium pressure. This pressure check was

performed in a blast-proof bunker. The specimen was _ rsed in alcohol and

observed visually during the entire pressure checking operation. No leaks

were detected. The leak-tlght fittings were left in place and used for the

back filling with helium to 3 psla. The backfill with helium was accomplished

by evacuating and flushing with helium 5 times followed by careful filling

exactly to 3 psia. A large dial gage was used to determine the internal

pressure. A valve at the outlet of the fill tube was closed and the containment

vessel and the valve separated from the system. The fill tube was flattened
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about 1/4 in. back from the end of the containment vessel and this was then

cut in the flattened area and welded simultaneously in an electron beam welder.

This containment vessel assembly was then thennal cycled lO0 times

to a temperature of 1770 K. Ten minutes were taken to reach 500 C and the

remaining temperature increase was accomplished in approximately l0 minutes.

After holding for 5 minutes at temperature the assembly was allowed to cool

to a black heat and then apply a flow of inert gas (argon) to increase the

cooling rate. A total cycle time of about 1 hr was required.

This mock-up containment vessel assembly showed only 1 minor defect

during thermal cycling. This was a pin hole in one of the braze joints. No

leaks through this joint were detected. No change in outside dimensions was

noted, but a slight weight gain (0.03 percent after lO0 cycles) was noted.

The tantalum-lO tungsten vessel apparently picked up some oxygen during the

cycling.

The mock-up containment vessel assembly was sectioned after thermal

cycling. The pellet had grown about 4 percent on the diameter and about 4.8

percent in length. This growth was sufficient to cause contact between the

clad pellet and the wall of the containment vessel. It was also evident that

the positioning lugs at the thin end of the pellet had expanded into the wall

of the vessel and had restricted freedom of movement of the pellet in the

vessel. This is shown in Figure 50a. A photomacrograph of the clad pellet

at higher magnification is shown in Figure 50b. This shows that the cladding

of the fueled pellel cracked and chipped out easily during metallographic

preparation.



2x 0a710 
Containment Vessel A f t e r  Thermal Cyc l ing  a. 

5x 0a711 

b. Enla rged  View of Clad F u e l  P e l l e t  

FIGURE 50. MOCK-UP CONTAIrJMENT VESSEL ASSEMBLY AFTER 100 
THERMAL CYCLES TO 1770 K 
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The braze joints of the thermocouple wells through the vessel were

satisfactory but the braze joints between the tip of the thermocouple wells

and the clad pellet were separated. The crack that existed in this location

was very narrow measuring only 0.0001 to 0.0004 in. in width. This is shown

in Figure 51. Figure 52a shows a portion of the core, the clad, and the clad

in contact with the containment vessel wall. A brittle thin layer is apparent

on the exterior of the tungsten-clad fuel pellet. This was also noted in

areas not in contact with the tantalum-lO tungsten containment vessel and

must have resulted from a reaction with gases within the vessel. This same

reaction zone can be seen to a lesser degree in Figure 53a. Since the con-

tainment vessel sho_n in Figure 53a was cycled only 25 times, the width of

the zone appears to be dependent upon the time at temperature. High-purity

helium was used as the fill gas, and trace impurities would be gettered by

the containment vessel. The only other source of products to cause this

reaction would be from the fuel form after cracking of the clad had occurred.

Figure 52b shows the core at higher magnification. A considerable gas exists

around each UO2 particle. The electron-beamweld and the closure of the fill

tube appeared satisfactory after thermal cycling.

Fabrication and Thermal Cyclin_ of Modified
Containment Vessel Assemblies

The results of this first thermal-cycle test of the containment

vessel assembly indicated two areas that required further investigation.

These were the growth characteristics of the fuel pellet in the assembly and

an improved method of centering the pellet within the vessel. The lugs on

the clad pellet, particularly on the end with the thin clad, expand into

the vessel walI and restrict growth in the longitudinal direction.
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75x 

--e 

50 Lact ic ,  30 HNO 3 ,  5HF 011723 

FIGURE 51. B M E  OF THlBMOCOWLJ3 WELL TO CLAD PELLET AFTER 
100 THERMAL CYCLES 

Note t h e  separa t ion  between t h e  thermocouple 
w e l l  and t h e  p e l l e t .  



75x 
a. 50 L a c t i c ,  30 HNO 
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OA722 

250x OA72 8 
b. 50 L a c t i c ,  30 HNO 5HF 

3’ 
FIGURE 52. CLAD FUEL PELLET STRUCTURE AFTER THERMAL CYCLING 



75x Murakami's Etch 
a. Clad to Core I n t e r f a c e  

4A814 

250x Murakami's Etch 4A812 

b. Fuel  Form S t ruc tu re  

FIGURE 53. STRUCTURE OF PELLET E10 FOLLOWING 25 THERMAL 
CYCL;ES I N  A CONTAINMENT VESSEL ASSEMBLY 
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To further investigate these two areas, two additional containment

vessel assemblies containing enriched fuel pellets were fabricated. Two

different approaches for positioning of the pellet were evaluated, and the

relation of pellet temperature to the vessel temperature was determined by

placing a thermocouple in one well in each vessel.

The clad pellets for these two containment vessel assemblies con-

tained enriched UO 2. Both of these pellets (Pellets E3 and EIO) had heat-

check marks from grinding on the thin end, and Pellet EIO also had a crack

on the thin end. The pellets were abraded lightly in an attempt to remove

the heat checking but following brazing of the pellets into the containment

vessels, the heat checking was again evident. Pellet E3 had the positioning

lugs removed from the thin end only, and Pellet EIO had the positioning lugs

removed from both ends. During brazing, Pellet E3 was centered on the thin

end by tantalum wires which were removed after brazing. Pellet EIO had two

tantalum wires wrapped longitudinally about the pellet, and these wires were

pigtailed at the thick end of the pellet. Both pellets were then brazed

into their containment vessels by the same technique used with the previous

assembly. Unavailability of the electron-beam welder required that the

girth weld be made by tungsten arc in an inert gas chamber. The vessels

were pressure checked at 200 psi (due to the lack of full penetration of

the girth weld), backfilled with 3 psia of helium, and sealed. Prior to

thermal cycling, the vessels were dye-penetrant inspected and helium leak

checked.

These two vessels were thermal cycled in an identical manner to

the previous containment vessel assembly with the exception that inspection

was made at i0 cycles and the test was terrainated after 25 cycles. A
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thermocouple was placed in a thermocouple well in each vessel and the

temperature recorded to determine the relation between the interior tempera-

ture of the vessel at the pellet and the exterior temperature of the pellet

used for control. The thermocouples used were tungsten-5 rhenium/tungsten-26

rhenium contained in a O,040-in.-diameter tantalum sheath. Good agreement

in temperature was obtained with no appreciable lag in the temperature of

the pellet as compared to the temperature of the exterior of the pellet.

Inspection of the vessels after l0 and 25 thermal cycles by dye-penetrant

and helium leak-detection techniques showed no defects.

After 25 thermal cycles to 1770 K, the vessels were sectioned

and examined metallographically. The pellet with positioning lugs on the

thick end (Pellet E3) showed growth on the diameter of 1.2 percent and on

the length of 1.7 percent. The values for the pellet with the positioning

lugs removed from both ends (Pellet ElO) had a 1.6 percent growth in

diameter and a 1.7 percent growth in length. Metallographic examination

of the sectioned vessels showed severe cracking of the tungsten clad; this

appeared to be due to the sectioning operation. The other half of each

pellet was removed from the vessel assembly and dye-penetrant inspected.

Cracking was found to be adjacent to the sectioning plane. The remainder

of the pellet, except for the heat checking on the thin end, appeared

satisfactory. Photomacrographs of the vessel assembly containing Pellet ElO

is shown in Figure 54. A separation between the thin end and the fuel form

is very apparent. A poor bond between these two components probably existed

•_ CC2.'.rX_ZZ2J_-_kL
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2x 4 A 7 7 2  
Containment Vessel A f t e r  Thermal Cycling a. 

5x 4 A 7 7 3  
b. Enlarged View of Clad F u e l  Pellet 

FIGURE 54. CONTAINMENT VESSEL ASSEMBLY CONTAINING ENRICHED 
FVEL PELLET E10 AFTER 25 CYCLl3S TO 1770 K 



CO_TFIDE:[TLqL

95

prior to thermal cycling since this end contained a crack, and the crack

did not propagate into the fuel form. Also, some separation in the braze

between the pellet and the thermocouple well was apparent. The structure

of the clad fuel pellet is much superior to that of the enriched pellets

cycled lOO times. Photomicrographs of this pellet (ElO) are shown in

Figure 53. As discussed previously, a thin brlttle zone on the exterior

of the tungsten clad can be seen in Figure 53a. The removal of the

positioning lugs appears to be very beneficial in permitting unrestricted

growth of the pellet in the containment vessel. Removal of the lugs from

both ends and centering with tantalum wire is the preferred approach.

This insures positive location of the pellet both during brazing and during

subsequent operation.

Fabrication of Containment Vessel

Assemblies for Delivery to NASA

The objectives of this porSioll of ...._c progi_m were tu- _^_-_.........^-_^

three containment vessel assemblies containing enriched pellets and one

assembly containing a clad pellet made from depleted UO2. The objectives

were met except that only two rather than three assemblies containing

enriched pellets were delivered.

Initial Fabrication Procedure

The four containment vessel assemblies fabricated during this por-

tion of the program were prepared in an identical manner to the mock-up

containment vessel assembly described earlier. The thermocouple wells were

brazed to the tanhalum-lO tungsten vessel _nd the fuel pellet in the same



operation. The stainless steel extension tubes were brazed to the thermo-

couple wells in a subsequent operation. In order to expedite the program

schedule, this work was done prior to the evaluation (after thermal cycling)

of the mock-up containment vessel assembly.

The evaluation of the mock-up assembly showed that radial growth

of the fuel pellet during cycling caused the lower positioning lugs to

become embedded in the containment vessel assembly. This restricted free

axial growth of the pellet which would cause compressive loading of the

thermocouple wells and bulging of the thin end clad as shown in Figure 54.

Two approaches were considered to provide sufficient clearance in the four

brazed assemblies so that contact between the vessel wall and the pellet

would not occur after some growth of the pellet had taken place. One of

the approaches was removal of the positioning lugs by electrical-discharge

machining. This process, however, may have caused some small cracks in the

tungsten clad. The other approach was to enlarge the vessel wall by

pickling in hydrofluoric acid. The acid would attack the vessel wall but

leave the pellet untouched. This approach was adopted. The vessel was

protected on the exterior by a water-filled molybdenum tube sealed to the

vessel assembly by a Teflon O-ring. The vessel was placed at such an

angle that the acid level would just be even with the positioning lugs at

one point. The vessel was then rotated at 3 rpm to provide even attack on

the vessel wall. Sufficient material was removed so that an additional

clearance of about 6 mils was provided.
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Following pickling, the vessels were vacuum treated at 1500 F for i hr to

remove any resulting residue of the pickling operation.

The vessels were then assembled with the support spring and domed

end closure, electron beam welded, pressure checked at 10,000 psi helium

pressure, filled with 3 psia helium pressure and sealed. This was accomplished

in a similar manner to that described previously. It was then determined that

the attack on the vessel wall extended at least 1/4 in. above the base of

the pellet. This additional clearance along this length was considered too

great to be tolerated fzom a heat-transfer standpoint. The containment vessel

assembly with the clad pellet containing depleted fuel was delivered to NASA

in this condition. The modifications to the vessels containing enriched

pellets are described below.

Modifications to the Assemblies

Containing Enriched Pellets

along the length of the fuel pellet is shown in Figure 55. The containment

vessel was cut above the pellet and the two sections separated. The posit-

ioning lugs were removed by grinding and tantalum wire wrapped longitudinally

along the pellet as shown. A new lower section of the tantalum-lO tungsten

containment vessel was machined and the fill tube brazed into place. This

procedure was accomplished for two of the vessel assemblies. The removal

of the lower portion of the third assembly resulted in cracking of the clad

on the fuel pellet. The fuel pellet in this vessel was brazed in one area

to the vessel wall.
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Electron beam welding of the vessels resulted in danmge to the

thermocouple wells because of excessive penetration during welding. This

occurred on both vessels modified as shown in Figure 55. These two vessels were

cut open and the pellets removed. Pickling in hydrofluoric acid to remove

the ends of the thermoeouple wells resulted in cracking of the clad in one

pellet. The thermocouple wells were removed from the other pellet by EDM.

The pellet cracked by pickling and the pellet cracked during removal of the

lower portion of the vessel assembly were ground to remove the cladding

and reelad in accordance with the established procedure. These pellets

were then gmund to size without positioning lugs and the recesses for the

thermocouple wells EDM'd in the thick end. The design of this recess was

modified to prevent flow of the co!umbium-braze material on the top of the

pellet. This new design is shown in Figure 56. This design also positively

positions the braze ring so that there would not be any movement during

assembly for brazing.

These three pellets, two of which had been re-clad were wire

wrapped with tantalum wire and assembled into new containment vessel assem-

blies with new thermocouple wells and prepared for brazing. Excessively high

temperatuxe during brazing resulted in melting of the molybdenum boat used to

contain the assemblies and resulted in loss of the three containment vessels.

The pellets were removed and examined. Two of the pellets had pullout of

grains on the tnin end of the pellet. Attempts were made to patch these by

densifying tungst_ powder onto these ends by gas-pressure bonding. This

approach was not satisfactory so the tungsten clad was removed by grinding and

both pellets reclad. After the clad had been bonded; the pellets were machined

and inspected.

U IIT_-Z_D__'TTDKL
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FIGURE 56. CLAD FUEL PELLET !NCORPORATING MODIFIED

RECESS'I=S FOR THE THERMOCOUPLE WELLS
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The three pellets and new thennocouple wells were again assembled

into new containment vessel assemblies and brazed. The stainless steel

extension tubes were also brazed into place. The domed end closures together

with the support springs were assembled and electron beam welded onto the

portion of the vessel containing the pellet and the thermocouple wells.

During pressure testing, the thermocouple wells collapsed on two of the

vessels. Examination of the material used in the fabrication of the thermo-

couple wells indicated that the material was unalloyed tantalum and not

tantalum-10 tungsten as believed.

These two vessels containing the collapsed thermocouple wells were

EDM'd to remove the thermocouple from the vessel and to free the pellet. The

tips of the thermocouple wells were removed from the thick end of the pellet

by EDM and examined for cracking by dye-penetrant inspection and macroscopic

inspection at 30X. These pellets were assembled into the containment vessel

after wrapping with tantalum wire together with new thermocouple wells of

tantalum-lO tungsten and the eolumbium braze material. One assembly" was

irreparably damaged during brazing and was scrapped. The other vessel was

brazed satisfactorily. The stainless steel extension tubes were copper brazed

into place. The vessel was then assembled with the support spring and the

domed end closure and electron beam welded. In Figure 57 is shown the tantalum-

i0 tungsten components and the fuel pellet in an exploded view. In Figure 58

is shown a containment vessel assembly after brazing, electron beam welding,

pressure checking_ filling with helium to 3 psia and sealing.

Following sealing of the two vessels they were helium leak checked

by placing in vacuum and monitoring the pump effluent with a heli_,1 leak

detector. Alsd, smears were taken of the tungsten clad pellets after machining

to verify that no UO 2 was on the exterior surface of the pellet.

"i,_Z,_,_"_r,_'i_i,i_ll_I,.
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FIGURE 58. COMPLETED CONTAINMENT VESSEL ASSEMBLY 
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The sealed assemblies were then ground on the OD at the weld zone

to remove any material protruding above the vessel wall. The vessels were

then radiographed to verify that all components were in their proper position

on the interior of the pellet and that there was no damage to the support

spring during electron beam welding. This is shown in Figure 59 for both

vessels delivered to NASA. Following this operation, the vessels were

cleaned in MEK and absolute alcohol and the serial number and part number

electroetched onto each vessel to complete the required work.

A detailed procedure for the complete fabrication and assembly of

a typical vessel is given in Appendix A. Appendix B gives the thermal

histories of each of the pellets in the completed assemblies.

CONCLUSIONS AND RECOMMENDATIONS

As a result of the research effort on this program the following

goals were achieved.

1. A fabrication procedure for preparation of a clad

fuel pellet was achieved. This pellet consists

of a fuel form fabricated from tungsten coated U02

particles blended with fine tungsten. Hot isostatic

pressing is used to consolidate the fuel form.

Tungsten-cladding material is bonded to the

densified fuel form by gas-pressure bonding to

produce a clad fuel pellet capable of with-

standing 100 thermal cycles to 2000 K without

failure.



304 -010 

304-011 

FIGURE 59. RADIOGRAPH O F  CONTAINMENT VESSELS 304-010 AND 
304-011 AFTER WELDING, PRF:SSURE CHECKING, AND 
SEALING 
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2. A fabrication technique was developed for the

containment vessel assembly. The techniques

developed include high-temperature brazing and

electron-beam-welding procedures for the assembly,

welding, and sealing of the containment vessel

assembly.

3. Two containment vessel assemblies with clad pellets

made from enriched UO 2 were completed for delivery

to NASA for irradiation studies. In addition to

these two vessels, two clad pellets and one mock-up

containment vessel assembly were delivered to NASA.

The procedure for the preparation of the fuel form and the cladding

and the gas-pressure-bonding parameters for these components appear to be

the controlling factors in the fabrication of clad fuel pellets with

desirable thermal-cycle characteristics. The progressive improvement

obtained during the program as exemplified by the third thermal-cycle

experiment showed the dependence of satisfactory thermal-cycle characteris-

tics on the following procedures.

i. The cladding components of high-purity arc-cast

tungsten should be prepared so that surfaces are

free of imperfections. This is achieved by careful

grinding of the end plugs and honing of the ID of

the tubular component to remove surface damage

caused by EDM.

CCN__+_EEL+_L" L
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2. High-temperature hydrogen treatment of the

fuel form and cladding components prior to

bonding.

3. Bonding at high temperature (3100-3200 F) and

high pressure (>15,000 psi) to assure high-

quality bonds between all components.

4. Relaxation of the tungsten clad pellet after

bonding by release of the autoclave gas pressure

while maintaining temperature.

The research effort on this study indicated that additional work

should be directed toward two areas.

i. A research program should be conducted to

determine the factors affecting growth of the

pellet during thermal cycling. The primary

areas of interest are the effect of fuel loading,

fuel particle size, halide content of the coated

fuel particles, and the effect of a stabilizing

agent in the U0 2 fuel particles. A comprehensive

study covering these aspects should identify the

primary factors controlling the growth of the fuel

pellet during thermal cycling or irradiation.

2. A change in design should be incorporated in

future containment vessel assemblies to eliminate

the use of the high-temperature brazing cycle

presently required for the joining of the
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thermocouple wells to the clad pellet and to

the containment vessel. This high-temperature

cycle causes excessive grain growth in the

tungsten cladding and measurable growth of the

fuel pellet. These factors have a deleterious

effect on the subsequent performance of the

pellet during thermal cycling or irradiation.
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APPENDIXA

CLAD,FUEL PELLET - CONTAINMENT VESSEL FABRICATION

PROCEDURE AND SPECIFICATION

A step-by-step fabrication procedure for the clad fuel pellet

and the containment vessel assembly is given below. Following the fabri-

cation procedure, the pertinent dimensions and weights for the assemblies

produced on this program are given.

Fabrication Procedure

i.

(a)

(b)

(c)

Obtain UO_ particles to meet contract specifications

Density - 92-95 percent of theoretical

Particle size - 60-100_ diameter

Purity - Impurities shall not exceed 2 parts

per hundred and halides shall be less than

30ppm

(d) Stoichiometry - Shall not vary more than

1 part per hundred of oxygen

The specifications for the enriched pellets prepared on this program are given

in Table 3 of this report.

2. Vapor coat the UO 2 with tungsten to obtain a

coating weight equal to the UO2 weight. Ana-

lyses of the coated particles used in the

preparation of the clad pellets in the con-

tainment vessels delivered to NASA are given

in Table 4 of this report.

3. Blend coated particles with tungsten fines (0.88

micron powder) to obtain a fuel loading of 50 v/o

UO2. A Parawax binder (0.2 percent) is applied to

each Darticle by dissolving the binder in a carbon
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tetrachloride (CC14) carrier. After the carrier

has evaporated_ the particles are screened to break

up any clusters. The tungsten fines are then added

to the particles and the mix blended while heat is

applied. As the Parawax coating on each particle

softens_ a uniform coating of tungsten fines is

picked up on each particle.

4. Cold die press the above blend to obtain a pellet

0.570 in. diameter x 1.050 in. long. The density of

the pellet should be approximately 70 percent.

5. Vacuum outgas pellets at 1500 C for at least 1/2

hr to remove binder.

6. Hot isostatic press fuel form in a molybdenum con-

tainer to obtain a density of at least 92 percent.

HIP parameters of 2900 F and lO,OQO psi for 3 hr are

minimum requirements to obtain this density. Follow-

ing HIP, the container is removed by leaching in dilute

nitric acid, and then the fuel form is dipped in a

NaOH solution to remove the pickling residue.

7. Grind fuel form to .462 in. diameter x 1.000 in. long.

8. Hydrogen heat treat fuel form at 1750 - 1800 C for

1-1/2 hr using slow heat-up and cool-down (500 C/hr).

Weigh fuel form.

9. Electrical-discharge machine arc-cast tungsten rod,

0.562-0.625 in. diameter x 1.200 in. long to obtain

a 0.445-in.-diameter hole.
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i0. Hone ID of above tube to 0.464-in. diameter

and grind OD to 0.530-in. diameter. Grind

end plugs, 0.462-in. diameter x .050-in. thick

and 0.462-in. diameter by O.150-in. thick.

ll. Dye-penetrant inspect and visually inspect the

tungsten clad components at 30X.

12. Hydrogen heat treat clad c_mponents at a

minimum temperature of 1850 F for 1 hr.

13. Assemble clad components and fuel form in a

molybdenum container, weld, evacuate, and seal.

Gas-pressure bond at 3100+F and at least 15,000

psi for 3 hr. Bleed off autoclave gas at a rate

of SlO0 psi/rain to approximately 300 psi while

maintaining temperature.

14. Remove can by selective leaching and grind OD

and ends to obtain dimensions shown in Figure

56 of this report.

15. EDM thermocouple recesses as shown in Figure 56.

16. Inspect fuel pellet by dye-penetrant inspection

and visually at 30X. Weigh clad fuel pellet.

17. Smear and check for UO 2 on pellet exterior.

18. Wrap two lengths of 0.009-in.-diameter tantal_n

wire on pellet and pigtail in the center of the

fuel pellet on the thick end.

19. Machine tantalum-lO percent tungsten vessel com-

ponents and thermocouple wells. Inspect parts.
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20. Braze tantalum-lO percent tungsten fill tube into

domed end closure using columbium wire at 4525 F

for 5 rain in vacuum of lO-5 torr.

21. Columbium braze thermocouple wells to vessel and

pellet at 4525 F for 5 rain after a slow heat-up

cycle of at least 1 hr.

22. Copper braze stainless steel extension tubes to

thermocouple wells at approximately 2100 F for

5 rain.

23. Check fit of tantalum-lO percent tungsten support

spring. Provide about o010-in° clearance.

24. Assemble brazed portion of vessel, support spring,

and domed end closure. Electron beam weld vessel

components.

25. Pressure check vessel at lO,000 psi and visually

check for leaks at this pressure.

26. Evacuate and backfill to 15 psig five times with

helium. Evacuate and backfill to 3 psia and seal

fill tube.

27. Helium leak check vessel by placing in evacuated

chamber and checking vacuum pump effluent.

28. Electroetch serial number and part number on

exterior of vessel.
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Vessel Specifications

Ae

Be

Vessel - Serial No. 304-010

Part No. CF 351044-A

Pellet Specifications

Dimensions measuring from thick end plug

TOP

MIDDLE -

BOTTOM -

LENGTH -

Weight Total -

Fuel Form -

UO2

Vessel Specifications

Inside Diameter

0.4974-in. diameter

0.4976-in. diameter

0.4977-in. diameter

1.1470 in.

58.O995 g

39.8792 g

14.4363 g

0.5180-in. diameter

Outside Diameter measuring from thermocouple end

TOP

MIDDLE

AT WELD

0.7189-in. diameter

0.7188-in. diameter

0.7186-in. diameter

Vessel - Serial No. 304-011

Part No. CF 351044-A

Pellet Specifications

Dimensions measuring from thick end plug

TOP

MIDDLE -

BOTTgM

LENGTH -

0.4968-in. diameter

0.4968_in. diameter

0.4970-in. diameter

1.1467in.

Weight Total - 57.9315 g

Fuel Form - 39.3197 g
UO

2 - 1_.2337 g

Vessel Specifications

Inside Diameter - 0.5175-in. diameter
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Outside diameter measure from thermocouple end

TOP

MIDDLE

AT k_ELD

0.7188 in. diameter

0.7186 in. diameter

0.7182 in. diameter

T _'3_'[U'_/-I?YIAL_
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Appendix B

THERMAL HISTORY OF FUEL PELLETS

During the fabrication of the final containment vessel assemblies

for delivery to NASA, the fuel pellets were subjected to various thermal

processing treatments. The treatments for each vessel are listed below.

Thermal History of the Pellet in
Vessel No. 304-010

1. Cold pressed fuel form vacuum treated at 1500 C for 1/2 hr to remove

binder.

2. Gas-pressure bonded at 2900 F and lO,O00 psi for 3 hr.

3- After grinding to size, fuel form was hydrogen treated at 1750-1800 C

for l-l/2 hr.

4. Fuel form gas-pressure bonded at 3100+F and 30,000 psi for l-l/2 hr;

temperature maintained for about 5 hr during reduction of pressure

to 300 psi.

5. Pellet brazed at 4500 F - about 5 min at temperature.

6. Stainless steel tubes copper brazed to vessel containing pellet at

2100-2200 F.

7. Pellet and vessel vacuum treated at 1500 F for 1 hr to remove residue

from pickling to enlarge vessel ID.

8. Pellet brazed into new containment vessel; temperature in excess of 4500 F.

9. Pellet gas-pressure bonded at 3000+ F and 30,000 psi for l-l/2 hr.

Temperature held for about 5 hr during reduction of pressure. The

powder that was bonded onto bottom of pellet was contaminated with UO2.

10. Pellet heat treated at 2500 F for 1 hr in vacuum to presinter tungsten

powder.

ii. Fuel form was hydrogen treated at 1750-1800 C for 1-1/2 hr after grinding.
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12. Pellet was gas-pressure bonded at 3100+F and 30,000 psi for i-i/2 hr.

Temperature held for about 5 hr during pressure reduction.

13. Pellet brazed into vessel at 4500 F; time about 5 min.

14. Stainless steel tubes copper brazed to vessel at 2100-2200 F.

15. Pellet brazed into vessel at 4500 F; time about 5 min.

16. Stainless steel tubes copper brazed to vessel. Three cycles to

2100-2200 F required.

Thermal History of the Pellet in

Vessel No. 304-011

i. Cold pressed fuel form vacuum treated at 1500 C for 1/2 hr to remove

binder.

2. Gas-pressure bonded at 2900 F and 1%000 psi for 3 hr.

3. After grinding to size_ fuel form was hydrogen treated at 1750-1800 C

for l-l/2 hr.

4. Fuel form gas-pressure bonded at 3100+F and 30,000 psi for l-l/2 hr;

temperature maintained for about 5 hr during reduction of pressure to

300 psi.

5. Pellet brazed at 4500 F - about 5 min at temperature.

6. Stainless steel tubes copper brazed to vessel containing pellet at

2100-2200 F.

7. Pellet and vessel vacuum treated at 1500 F for i hr to remove residue

from pickling to enlarge vessel ID.

8. Pellet cracked on removal of thermocouple wells by pickling. Fuel form

hydrogen treated at 1750-1800 C for i-1/2 hr after grinding.

9. Pellet gas-pressure bonded at 3100+F for i-I/2 hr at 30,000 psi.

Temperature held for about 5 hr during pressure reduction.
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i0. Pellet brazed into containmentvessel at a temperature in excessof

4500F.

ii. Pellet brazed into newcontainmentvessel at 4500F; time about 5 min.

12. Stainless steel tubes copperbrazedto vessel at 2100-2200F.

NASA-Langley, 1968 _ 22 _,-- _319
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